Biomass derived 5-hydroxymethylfurfural (HMF) is regarded as an important platform molecule for the synthesis of value-added chemicals and fuels, but the high production cost has always been a bottleneck for the industrial scale use of HMF. Different mineral acids (HCl and H 2 SO 4 ) being used as the catalyst and different salts being used as the reaction promoter were evaluated. It was found that HCl, in combination with NaCl, in a water/g-valerolactone system showed high selectivity and impressive efficiency for the synthesis of HMF from glucose. The optimal conditions to obtain the best HMF yield (62.45%) were 0.2 M HCl and 0.1 M NaCl at 140 C with a residence time of 60 minutes. An 18.22% molar yield of LA was obtained as a by-product. The effect of different anions was also investigated, and it was determined that not only the hydrogen ions, but also the nature of the acid and the type of salt played a joint role in improving the HMF yield. In addition, a possible synthesis pathway was proposed for large scale production of HMF.
Introduction
The increasing concerns about carbon footprints in the environment indicate that the need for renewable energy will be urgent in the near future, and one of the most promising solutions is to cost-effectively convert sustainable carbohydrates into value-added chemicals and biofuels. [1] [2] [3] Glucose, which is the monomer unit of cellulose in biomass, has gained increasing attention due to its abundance, environmental friendliness and wide distribution in nature. [4] [5] [6] Among all the derivatives derived from glucose, 5-hydroxymethylfurfural (HMF) is considered to be one of the most important and versatile platform molecules. It can serve as a precursor for many ne chemicals and biofuel additives, such as levulinic acid, 2,5-furandicarboxylic acid, 2,5-diformylfuran, dihydroxymethylfuran, etc., [7] [8] [9] hence, its efficient and economical production from abundant and low-cost glucose has received considerable interest recently.
Most efforts to obtain HMF from glucose have utilized one of the following two routes, (a) combining the isomerization of glucose to fructose together with the subsequent dehydration of fructose to HMF and (b) direct dehydration of glucose to HMF.
10, 45 The former method requires the participation of both Brønsted acids and Lewis acids, mainly because the Lewis acid is responsible for the isomerization of glucose to fructose and the Brønsted acid favors the dehydration of fructose to HMF.
11
However, the latter approach requires only a relatively high concentration of a Brønsted acid. 12 It is also worth noting that the addition of salts, such as alkaline earth metal salts and metal halide salts, can effectively enhance the yield of glucose conversion to HMF in ionic liquids and in a biphasic system. [13] [14] [15] 46 Dumesic and co-workers introduced the extracting ratio R (the ratio of HMF in the organic layer to that in the aqueous layer), indicating that the addition of salts increases the R value by means of the salting-out effect, thus increasing the HMF yield and restraining the undesired side reactions.
16,17
The reaction medium is deemed to be one of the most signicant variables in HMF production. 18 To date, the highest HMF yield reported was using ionic liquids such as [BMIM]Cl 19 
and [EMIM]Cl
20 as the solvent. Nevertheless, the high costs associated with product purication and the sensitivity of ionic liquids to water mean they are not feasible for large scale production. 21 Another alternative method is a water-organic biphasic system, for which various organic solvents, including dimethylsulfoxide (DMSO), g-valerolactone (GVL), 26, 27 etc. were reported. Compared to a monophasic reaction system, a biphasic system can remarkably enhance the target product yield. Among all these solvents, it is worth noting that GVL is regarded as a nontoxic and eco-friendly organic solvent. 28, 29 It is also an important derivative of levulinic acid (LA), which is the degradation product of HMF. Herein, GVL is selected as the reaction solvent for glucose conversion to HMF.
Several [33] [34] [35] 46 and also solid acid catalysts such as Sn-Mont, 36 and CMK-3, 37 were tested in different systems with applying various organic solvents. However, in these studies, solid acids modied with Brønsted acid or Lewis acid sites usually tend to result in only moderate HMF yields. Strong liquid Brønsted acids lead to relatively high HMF yields, but also give rise to undesired degradation of HMF to LA and humins. Other studies include adding sulfate salts and chloride salts into the reaction system, 17, 38, 47 or combining the different salts as co-catalysts to enhance the HMF yield. 39 However, the anion effect of Cl À and SO 4 2À on glucose conversion remains to be further explored, and the appropriate type of salt applied to enhance the HMF yield still remains to be decided in the water/ GVL system. In our previous research, it was reported that H 2 SO 4 shows a much higher selectivity on cellulose conversion to LA than HCl with corn stover used as the substrate, while HCl performs better than H 2 SO 4 in HMF production. 40 In this study, the different catalytic effects of HCl and H 2 SO 4 to transform glucose to HMF were further assessed in the water/GVL system, and different types of alkali metal salts were tested to decide the suitable additive used to further enhance the HMF yield. In addition, various reaction parameters, including reaction temperature, reaction time, acid concentration and salt dosage were investigated to determine the optimal conditions. Finally, real biomass was also tested in this reaction system and an industrial production model was established.
Experimental

Materials
The corn stover was harvested in the Northern Anhui Province of China and was ground using a high-speed rotary cutting mill, passed through a 40-mesh screen, washed with tap water to get rid of the dust, and oven-dried at 333 K to a constant weight. The corn stover powder was stored in a tightly closed plastic bottle at ambient temperature. 4 were purchased from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). The Aminex HPX-87H column was purchased from Bio-Rad Laboratories Inc. (Hercules, CA, USA). The Waters Symmetry®-C18 column was purchased from Waters Corporation (Milford, MA, USA). All chemicals in this work were commercially available and were used without further purication.
One-pot conversion of glucose to HMF
The catalytic conversion of glucose to HMF was performed in a stainless steel reactor equipped with mechanical agitation. In a typical experiment, 1.5 g of glucose, 10 mL of water and 40 mL of GVL, together with the 0.2 M acid catalyst and 0.1 M salt, were mixed and loaded into the reactor. The reactor was electrically heated to the target temperature, and aer the reaction, the reactor was immediately removed from the heating jacket and quenched in tap water. Samples were diluted with distilled water and ltered with a 0.45 mm syringe lter, prior to HPLC analysis.
Analysis methods
The quantities of products were determined using a highperformance liquid chromatography (HPLC) system (Waters 515 pump, Waters 2489 UV/Visible Detector, Waters 2414 refractive index detector). Specically, the quantities of HMF and furfural were determined using a Waters Symmetry®-C18 column (5 mm, 4.6 Â 150 mm) and an Ultraviolet Detector (Waters 2489) at 280 nm. The temperature of the column oven was maintained at 30 C, and water/methanol (3 : 2, v/v), with a ow rate of 0.4 mL min À1 , was chosen as the mobile phase.
The quantity of levulinic acid was determined using an Aminex HPX-87H column (9 mm, 7.8 Â 300 mm) and a Refractive Index Detector (Waters 2414), with the column oven and detector temperature set at 63 C and 50 C respectively, and 0.005 M H 2 SO 4 at a ow rate of 0.6 mL min À1 was used as the mobile phase. The HMF, furfural, and levulinic acid detected in both steps were counted together as the nal yields. The yields of HMF and levulinic acid derived from glucose were dened as follows:
Glucose conversion (%) ¼ (molars of converted glucose)/(molars of starting glucose) Â 100%
(1)
And the yields of HMF, furfural and levulinic acid derived from corn stover were dened as follows:
Furfural yield (%) ¼ (moles of furfural)/(moles of xylose in corn stover) Â 100%
LA yield (%) ¼ (moles of LA)/(moles of glucose in corn stover) Â 100%
The corn stover used in this experiment was identical to that in our previous research. 40 42 Kuster and Temmink reported that no glucose to fructose was observed at pH < 4.5 when only Brønsted acids were used as the catalysts. 12 In the present work, no fructose was detected during the experiments, hence, the conversion of glucose to HMF most likely proceeds through direct dehydration of glucose when HCl or H 2 SO 4 were chosen as the catalyst.
Results and discussion
The could promote glucose conversion to LA and that Cl À should be completely avoided in HMF production in order to prevent the formation of humins in non-acidic systems. 44 However, the conclusions in the above literature present some contradictions with the present work, therefore the competing effect of the cations and anions in the water/GVL system still calls for further in-depth exploration.
The effect of adding different salts as promoters on HMF yield
In order to gain a better perspective of the different catalytic effects of HCl and H 2 SO 4 with equimolar H + but different amounts and types of anions, a series of salts were added into the reaction system to obtain the same amount of cations and anions in the solution. The various cations and anions were also introduced to test their effects on HMF production. 4 in terms of enhancing the HMF yield. These phenomena indicate that the hydrogen ions are not the only factor affecting the glucose conversion to HMF, and that the anions also play a signicant role in the dehydration process. From the aforementioned results, it can be concluded that adding the suitable type of salt into the HCl and H 2 SO 4 solutions will facilitate the conversion of glucose to HMF, and a sodium salt can be one of the best choices due to its abundance and low price, thus various sodium salts were tested; the results are shown in Fig. 2 . It is obvious that NaCl performed much better than NaHSO 4 and Na 2 SO 4 in enhancing the HMF yield when the catalyst was H 2 SO 4 , while when HCl was used as the catalyst, adding NaHSO 4 and Na 2 SO 4 had a negligible effect on the system, however adding NaCl enhanced the HMF yield from 48.74% to 56.46%. NaNO 3 decreased the HMF yield when either HCl or H 2 SO 4 was used as the catalyst. Thus NaCl can be considered as the salt additive which functions as the reaction promoter in this study.
Effect of NaCl as the promoter on the HMF yield
Further experiments were performed to probe the role of NaCl in the glucose conversion to HMF under different temperatures, using HCl and H 2 SO 4 as the catalyst. Fig. 3a -c depict the glucose conversion, the HMF yield and the LA yield under the reaction temperature range of 130 C to 
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C, with and without NaCl. Fig. 3a shows that the glucose conversion surprisingly increased with temperature, whilst adding NaCl dramatically promoted the glucose conversion both with HCl and H 2 SO 4 under relatively low temperature conditions. For example, H 2 SO 4 without NaCl at 140 C resulted in 76.1% glucose conversion, while aer adding NaCl, the glucose conversion reached 93.2%, and the glucose conversion using HCl at 130 C was 92.34% vs. 76.21% with and without NaCl, respectively. Fig. 3b shows that the optimal temperature for HCl was 140 C, for which the highest HMF yield was 62.45%, while the suitable temperature for H 2 SO 4 was 150 C for which the highest HMF yield was 53.85%. Whether with or without NaCl as the additive, the optimal temperature for HCl and H 2 SO 4 was 140 C and 150 C, respectively. Fig. 3c indicates that HMF degrades to LA with an increase in temperature, however, the addition of NaCl suppressed such a tendency. Thus, it can be concluded that the combination of HCl and NaCl is superior to H 2 SO 4 combined with NaCl, in terms of achieving a high yield of HMF from glucose. HCl was therefore selected for further studies because of its higher selectivity towards HMF.
Effect of HCl concentration on HMF yield
The effect of the concentration of HCl on the HMF yield was also investigated. The results of 0.1-0.3 M HCl in combination with 0.1 M NaCl, in the temperature range of 130 C to 170 C are shown in Fig. 4a and b. It was found that the reaction temperature and acid concentration played a joint role in achieving a good yield of HMF; a lower acid concentration required a higher reaction temperature and vice versa. More specically, with 0.1 M HCl being used as the catalyst, the highest HMF yield of 53.69% was achieved at 150 C, while with 0.2 M or 0.3 M HCl, the highest HMF yields of 62.45% and 59.87% were achieved at 140 C. A higher temperature will cause the HMF conversion to LA. According to Fig. 4a and b, a high acid concentration (0.3 M) led to a much faster degradation rate than for a low acid concentration (0.1 M) above 150 C, which favored the generation of LA. In summary, a moderate HCl concentration results in a satisfactory HMF yield, while a low acid concentration is not sufficient for the high yield of HMF, and a further increase of HCl concentration does not seem to improve the HMF yield much.
Effect of NaCl dosage on HMF yield
Fig . 5 shows the effect of the amount of NaCl on the HMF and LA yields. 0.2 M HCl was applied as the catalyst, and 0.05 M, 0.1 M, 0.2 M, 0.3 M concentrations of NaCl were added as the reaction promoter at different temperatures. As with the aforementioned result, the highest HMF yield was achieved at 140 C. A low amount of NaCl (0.05 M) did not sufficiently promote HMF production, however, a very high amount of NaCl (0.2 M or 0.3 M) also did not result in a higher HMF yield than that obtained using 0.1 M. A slightly improved yield of LA was observed with the increased amount of NaCl. It is probable that an excessive amount of NaCl not only promotes the glucose conversion to HMF, but also accelerates the rehydration of HMF to LA. From an application point of view, reducing the additive amount is also cost-effective, thus a suitable amount of NaCl as an additive is vital in the glucose conversion to the HMF process.
Effect of reaction time on the HMF yield
Other reaction parameters such as residence time were also investigated to obtain a better understanding of the conversion process. As the optimal temperature, acid concentration and NaCl amount have been decided, a series of experiments were conducted with the reaction time range of 10 min to 90 min and the results are shown in Fig. 6 . It was found that within the rst 30 min, the glucose conversion and the HMF yield increased rapidly, and aer 50 min, the HMF yield reached approximately 60% and became steady. The maximum yield of 62.45% was obtained at 60 min and a longer reaction time even caused a slight decrease in the HMF yield and an increase in the LA yield. The LA yield slowly increased with time, and aer 50 min it reached a plateau.
The catalytic performance on corn stover as a substrate
As discussed above, the combination of HCl and NaCl exhibits great performance in converting glucose to HMF in the water/ GVL system. As one of the most abundant biomass resources in nature, corn stover was also tested to verify the potential of the present reaction system. According to our previous work, the decomposition of corn stover required a higher temperature and longer reaction time, thus the conditions of 170 C and 90 min were applied herein. The results are demonstrated in Fig. 7 . Interestingly, the addition of NaCl into the reaction system not only remarkably enhanced the HMF yield from 10.5% to 35.87%, but also enhanced the LA yield from 11.8% to 27.6%, and slightly enhanced the furfural yield, showing the great potential of such a reaction system in industrial applications. 
A proposed large-scale application model
One possible large-scale production route is shown in Fig. 8 . The most suitable reaction conditions (residence time, temperature, HCl concentration and NaCl amount etc.) are applied in the reactor, and aer the reaction is completed, the reaction liquid is transferred to an evaporator to distill the HMF generated. Aer that the remaining H 2 O/GVL mixture, which is rich in LA, can be recycled for a new reaction. It should be noted that HMF readily degrades to LA in acidic solution, and as LA can be much more steady than HMF under such an environment, each new reaction could enrich the concentration of LA in the H 2 O/GVL reaction system. Aer several cycles, the LA concentration in the reaction liquid will reach a relatively high level, and then the LA can be separated from the system as a byproduct, or directly converted to GVL to compensate for the GVL loss in the reaction process. In this way, it is desirable that HMF can be produced from glucose in a cost-efficient, energy-saving way and on a commercial scale.
Conclusions
In this study, the catalytic activity of HCl and H 2 SO 4 to convert glucose to HMF in H 2 O/GVL was systematically investigated. HCl was proved to show high selectivity towards HMF generation, and H 2 SO 4 was benecial for LA production. A simple modication of the reaction system by adding salt was shown to greatly improve the HMF yield and the glucose conversion when also using H 2 SO 4 as catalyst, however only certain kinds of chloride salt were shown to improve the HMF yield when using HCl as the catalyst. HNO 3 and nitrate ions seemed to have a negative effect on the HMF yield, thus it is concluded that the This journal is © The Royal Society of Chemistry 2017
